To respond appropriately to their environment, dental pulp cells must integrate informational input from multiple ligands, such as neuropeptides, growth factors, and vasoactive amines. These ligands act through multiple intracellular signaling pathways. G-protein coupled receptor subunits play a major role in this process, providing a mechanism for coordinated regulation of both messengers and effectors. Increasing number of neuropeptides have been found in pulpal tissue. However, there is no data about molecular identification of G-protein subunits in human dental pulp. To identify the postreceptor mechanism involved in dental pulp cell signal transduction, we performed a Western blot analysis of different Gprotein subunits. Biopsy specimens of human dental pulp were prepared and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, followed by analysis with appropriate antibodies. We detected Gadal l , short and long forms of G , , , p common, Gio-3, and Gilm2 antigens with a molecular weight -42 kDa, 42 and 45 kDa, 36 kDa, 40 kDa, and 40 kDa, respectively. These results indicate that human pulp cells possess the cellular machinery to respond to sensory neuropeptides when they are released from the peptidergic nerve fibers. On this basis, the relationships of postdevelopmental, age-dependent, and pathophysiological disorders of G-proteins subunits in dental pulp could be studied.
Stimulation of cell surface receptors initiates a series of intracellular signaling responses that are typically described as a more or less sequential signal transduction cascade. Dental pulp cells possess receptors for multiple ligands coupled to distinct intracellular signaling pathways, and are, therefore, faced with the task of integrating these multiple inputs to produce appropriate responses to their complex environments.
G-protein coupled receptor signaling and receptor tyrosine kinase signaling are the two major mechanisms of transmembrane communication used by numerous extracellular agents and stimuli, such as neuropeptides, growth factors, and vasoactive amines. Heterotrimeric guanine nucleotide-binding regulatory proteins (Gproteins) couple transmembrane receptors to intracellular effectors, including cGMP phosphodiesterase, adenylyl cyclase, phospholipases C and A,, and potassium and calcium ion channels that alter the levels of second messenger molecules and ultimately lead to a variety of cell-specific events and pathophysiological disorders (1) (Fig. 1) .
Among the ligands found in dental pulp with postreceptor mechanisms coupled to G-proteins than can be cited are substance P, bradykinin and neurokinin A (2), calcitonin gene-related peptide (CGRP) (3), vasoactive intestinal peptide (VIP) (4), y-aminobutyric acid (GABA), and bombesidgastrin-releasing peptide (5).
The G-proteins consist of three distinct polypeptide gene products. These subunits are designated G,, G,, and G,, in order of decreasing mass, with the G, subunit containing the guanine nucleotide-binding site. In the inactive state, G-proteins form membrane-associated aPy heterotrimers, with GDP tightly bound to the a subunit. Upon activation by extracellular signals, the receptors catalyze the exchange of bound GDP for GTP. The GTP-bound form of the heterotrimer is unstable and heterolytically dissociates to form active GTP-a and -Py complexes. Acting either coordinately or independently, these two species bind and modulate the activities of downstream effector molecules. G-proteins are released from effectors upon the breakdown of GTP that results from slow GTPase activity of the a subunit. The inactive a subunit can recombine with By, reforming the heterotrimer, which can then reassociate with its receptor and undergo a new cycle of signal transduction (6) (Fig. 2) .
Based on the degree of amino acid identity by molecular cloning techniques, the a subunits of G-proteins have been divided into four subfamilies (Gs, G,, Gi, and G,,) (7). Generally, G, and G, mediate stimulatory effects like hormone secretion, whereas Gi subfamily mediates inhibition of processes, such as hormone secretion. To identify the postreceptor mechanism involved in dental pulp cells signal transduction, we studied the expression of different G-protein subunits in normal human dental pulp. 
MATERIALS AND METHODS

Chemicals
Bovine serum albumin, bacitracin, trypsin inhibitor, dithiothreitol, and anti-rabbit immunoglobulin horseradish peroxidaselinked whole antibody (from donkey) were purchased from Sigma (St. Louis, MO). Phenylmethylsulfonylfluoride, N-a-tosyl-L-lysinechloromethyl ketone (TLCK), and leupeptin were from Boehringer-Mannheim GmbH (Mannheim, Germany). Anti-G,,, a~ I and anti-p common (p,) were purchased from New England Nuclear (Du Pont Nemours, Dreieich, Germany). Anti-G,,, antiGi,.2, and anti-Gi,-, were from Calbiochem (San Diego, CA). Chemicals, electrophoresis, and prestained protein markers for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) were from Bio-Rad Laboratories (Richmond, CA). Enhancer ChimioLuminiscent (ECL) was from Amersham (Buckinghamshire, UK). Nitrocellulose membrane was from Hoefer (San Francisco, CA). Other chemicals were of analytical grade and obtained from commercial sources.
Tissue Preparation
Premolar teeth without caries, restorations, or periodontal disease were removed atraumatically for orthodontic reasons from six patients aged 10 to 22 yr. Dental and medical histories were taken for each patient. Each tooth in this study was examined in vivo using the following tests: (a) ethyl chloride cold test on sound enamel; (b) hot gutta-percha test on sound enamel; and (c) percussion test. All teeth responded within normal limits to cold, heat, and percussion test without any clinical signs and symptoms of pulpal or periapical pathology. Immediately postextraction teeth were stored at -80°C until use for pulpal protein preparation. For the Western blot assay, frozen teeth were immediately split longitudinally with a mallet, and pulp was placed in container tubes to begin the processing protocol. Pulp tissues from seven teeth were collected, pooled, and washed extensively with 50 mM Tris-HC1 (pH 7.5) at 4"C, and placed in the same buffer containing 0.2 mg/ml of bacitracin, 0.01 mg/ml of leupeptin, 0.1 mglml of trypsin inhibitor, 0.1 mg/ml of N-a-tosyl-L-lysinechloromethyl ketone, and 1 mM phenylmethylsulfonylfluoride. Specimens were disrupted by sonication for five 10-s bursts at maximal power at 4°C and tune meter separated by 30-s intervals. Homogenates were centrifugated at 30,000 X g for 20 min at 4°C and were dissolved in 60 m~ Tris-HCI buffer containing 10% glycerol, 1% SDS, 1 m~ EDTA, 1 mM dithiothreitol, and 0.05% lubrol (SDS sample buffer). Proteins were measured by the method of Bradford (8) using bovine serum albumin as standard.
SDS-PAGE and Western Blotting Assay of G-proteins
SDS-PAGE was performed according to the basic procedure described by Pozo et al. (9) . Human pulp proteins were dissolved in SDS sample buffer and heated for 3 min at 94°C. Stacking and resolving gels contained 5% and 12% bis-acrylamide (1/37.5), respectively. Samples and prestained molecular-weight markers were separated by SDS-PAGE and transferred electrophoretically from the gels to nitrocellulose membranes. The transferred nitro- ,(345-354), G,,.,(345-354) , and the C-terminal of both G , , ,
and p,. This experiment is representative of four others.
cellulose sheets were cut into slices, incubated for 1 h at room temperature with 50 mM Tris-HCI (pH 8.0), 2 mM CaCl,, 80 mM NaCI, 0.2% (v/v) Nonidet P40, and 5% (w/v) nonfat dry milk (WB buffer). The sheets were rinsed briefly in WB buffer and incubated in this blocking solution containing the G-protein antibodies diluted 1:1,000 for 2 h at room temperature. The sheets were then washed three times within 30 min in WB buffer in a rotatory shaker at ambient temperature. The washed sheets were incubated in Tris-HC1 (pH 7 . 9 , 100 mM NaCl, and 0.05% (v/v) Tween 20 (TBST buffer) containing a 1 :2,000 diluted anti-rabbit immunoglobulin horseradish peroxidase antibody for 45 min at room temperature. Finally, the sheets were washed twice within 20 min at room temperature in TBST and one time in TBS. Bound horseradish peroxidase antibody was developed with Enhancer ChimioLuminiscent according to the manufacturer's instructions.
RESULTS
Blotting analysis of human dental pulp proteins, separated by SDS-PAGE and transferred to a nitrocellulose membrane, revealed   that G,,,, ,, p,, G,,, Gil-2 , and Gio.s gene products were expressed in human pulp. Figure 3 shows the presence of both the short and the long forms of the G,,, with relative molecular weights of 42 kDa and 45 kDa, respectively. Gil.2 and Gio.3 showed a relative molecular weight of -40 kDa. Anti-G,,,,, , recognized a band of 42 kDa in human pulp. Anti+, antibody recognized a band of -36 kDa.
DISCUSSION
The present study showed for the first time the functional gene expression of G-protein coupled receptor subunits in human dental pulp. Biopsy specimens of human dental pulp were prepared and subjected to SDS-PAGE, followed by analysis with appropriate antibodies. We detected GaqlnIlr &, short and long forms of G,,, Gil.2r and Gio. 3 antigens with a molecular weight -42 kDa, 36 kDa, 42 and 45 kDa, and 40 kDa, respectively. The G,, plays a major role in G-protein coupled receptor signal transduction being required for observation of significant levels of adenylyl cyclase activity under physiological conditions. Gil.2 and G,o.s showed a relative molecular weight that also corresponds to the ADP-ribosylated material measured by Pertussis toxin and Western blot assay in different biological models in the case of G, subfamily (10) . Gaq,,, , showed a relative molecular weight consistent with the estimated relative molecular weight of G,,, and G,, , ( I 1 ) . The band recognized by the anti-P, antibody is formed by the Pycomplex that functions as a single unit (12) . These results suggest that no additional posttranslational modification is present in the G-proteins of human dental pulp. However, we cannot exclude the existence of additional isoforms of G-proteins by a posttranscriptional control, such as a different mRNA processing by alternative splicing. Not only the identification of a,. a,. or aq is crucial to a right signal transduction in human dental pulp. The presence of P-y complex is important, because Py subunits increase the affinity of the a subunits for GDP. They can facilitate deactivation of stimulated a subunits and are necessary for efficient activation of a subunits by receptor and agonist, reflecting a direct interaction of p y complex with receptors and a subunits in a functional complex and likely a site for localization of a subunits to the membrane.
Mechanical, chemical, or bacterial irritation of the dental pulp results in inflammatory changes in this tissue. Depending on the stage of development of pulpal inflammation, its histological examination reveals numerous inflammatory cells, such as polymorphonuclear leukocytes, macrophages, lymphocytes. plasma cells, mast cells, basophils, and eosinophils (1 3). An interaction between exogenous irritants and defensive dental pulp cells can result in release of a number of endogenous chemical mediators, such as neuropeptides, fibrinolytic peptides, kinins, complement system components, vasoactive amines, arachidonic acid metabolites, and cytokines (14) . The immune and neuroendocrine systems seem to share a similar group of structurally related receptors for neuropeptides. These pathways depend on G-proteins to mediate communication between the receptors and effectors.
In dental pulp, peptidergic nerve fibers secreting substance P (2), CGRP (2, 3), VIP (4), GABA (5), and bombesidgastrinreleasing peptide (5) have been described. Substance P and CGRP have been implicated in nociception, blood flow regulation, reactive vasodilatation, and inflammatory response (2) . Moreover, VIP, substance P, and CGRP are now considered to play an important role in the progression of pulpal inflammation by linking the actions of the sensory nerves and blood vessels (15) . In this context, Segura et al. (16) showed that the expression of VIP binding sites in macrophages is stimulated by an inflammatory stimulus.
G-protein coupled receptor signaling is the mechanism of transmembrane communication used by these neuropeptides. Thus, the results showed in this paper indicate that human pulp cells possess the cellular machinery to respond to these neuropeptides when they are released by the peptidergic nerve fibers. In accordance with our results, recently Calland et al. (17) have shown that human pulp cells respond in vitro to CGRP.
The information in the sensory neuropeptides traverses catalytically across a G-protein coupled system in a GTP cycle resulting in a several thousand-fold amplification of the original signal. The GABA-receptor is coupled to a Gil.2 or Gio.3 (18) , and the VIP receptor is coupled to a G,, (19) . The presence of Gil.2, Gio.s, and Gas shown in this work, together with the histochemical identification of GABA and VIP in human dental pulp, further support the concept of these neuropeptides as modulators of pulp physiology. Moreover, abnormalities in G-protein coupled pathways have been implicated in the pathophysiological features of a variety of human diseases (18) . Now, we can study physiological abnormalities involving G-protein subunit expression in human dental pulp.
